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Nd-substituted bismuth titanate (Bi3.5Nd0.5Ti3O12, BNdT) ﬁlms were prepared on Pt electrodes using chemical
solution deposition. Enhanced a-axis-oriented crystal growth occurred when the crystallization was performed on every
spin-coated layer with sufﬁciently thin thickness (B20 nm). The remnant polarization (2PrB38mC/cm
2) of the ﬁlm
derived by such a layer-by-layer crystallization method was signiﬁcantly higher than that of the ﬁlm derived with the
conventional process (2PrB10 mC/cm
2). Examination of structural evolution has indicated that, owing to the
geometrical effect, the growth of (1 1 7)-oriented crystals was restricted by the layer thickness, while the growth of a-
axis-oriented crystals was not. As a result, BNdT ﬁlms prepared by layer-by-layer crystallization are dominated by a-
axis-oriented crystals and show high remnant polarization.
r 2004 Elsevier B.V. All rights reserved.
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Lanthanide-substituted bismuth titanate
(Bi4xLnxTi3O12, Ln=La, Sm, Nd, Pr) thin ﬁlms
have recently attracted considerable attention for
their potential applications in nonvolatile mem-
ories [1–4]. The material is derived from theonding author. Tel.: +886357151313888; fax:
2366.
address: d883530@oz.nthu.edu.tw (Y.-C. Chen).
$ - see front matter r 2004 Elsevier B.V. All rights reserve
6/j.jcrysgro.2004.05.010bismuth titanate, which is a layer-structured
ferroelectric comprising of three perovskite units
(Bi2Ti3O10)
2 sandwiched between (Bi2O2)
2+
layers. The lanthanide additives tend to replace
Bi in the perovskite units, and give the material
superior fatigue endurance [1,2]. Theoretical cal-
culation and experimental measurements have
suggested that Bi4xLnxTi3O12 is a pseudo-orthor-
hombic crystal with large remnant polarization
(Pr) along the a-axis (25–32 mC/cm
2) [5–7]. Since
the remnant polarization (2Pr) denotes the charged.
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between the digits ‘‘1’’ and ‘‘0’’, large remnant
polarization of ferroelectrics is highly desirable for
very-large-scale memory integration. Nevertheless,
most fabricated Bi4xLnxTi3O12 thin ﬁlms were
found to have a much smaller remnant polariza-
tion (2Prp20 mC/cm2) than expected [1,8]. The
small 2Pr is owing to that Bi4xLnxTi3O12,
commonly made on the Pt electrode, is a
polycrystalline ﬁlm composed predominantly of
c-axis-oriented and (1 1 7)-oriented grains, the
polar axes of which are either lying almost in the
ﬁlm plane or signiﬁcantly away from the ﬁlm
normal [9]. To improve the ﬁlm polarization, it is
thus of great interest to design a process that can
adjust the crystallization behavior of Bi4xLnx-
Ti3O12 ﬁlms to stimulate the growth of a-axis-
oriented crystals.
In addition to Bi4xLnxTi3O12, other layer-
structured ferroelectrics like SrBi2Ta2O9 have also
been reported with the same problem, namely that
the ﬁlm prepared on the Pt electrode tends to
crystallize with strong c-axis texture instead of the
a-axis. Recently, an interesting effect has been
reported for SrBi2Ta2O9 ﬁlms prepared by chemi-
cal solution deposition [10,11]. Films fabricated
with this method are normally processed with the
repeated spin-coating and baking, to the desired
thickness, followed with a ﬁnal high-temperature
treatment to crystallize the ﬁlm. Instead of doing
that, Iijima [10] prepared SrBi2Ta2O9 ﬁlms by
performing crystallization on every spin-coated
layer (layer-by-layer crystallization), and observed
an enhanced growth of a-axis-oriented crystals in
the ﬁlms as the number of layers increased.
Moreover, the effect was intensiﬁed with the
reduction of the layer thickness subjected to
crystallization. Their result is interesting and may
also apply to other bismuth layer-structured
ferroelectrics. However, the reason for the en-
hanced growth of a-axis-oriented crystals via
layer-by-layer crystallization has not yet been
explained.
In this article, we report that similar enhance-
ment was observed for Bi4xNdxTi3O12 (BNdT)
ﬁlms prepared by layer-by-layer crystallization.
Such an effect appears common to layer-struc-
tured ferroelectrics of which crystal growth ishighly anisotropic, and the enhancement can be
attributed to the unconstrained growth of a-axis
crystals in sufﬁciently thin coated layers.2. Experimental details
Experimentally, BNdT ﬁlms were prepared on
Pt/TiO2/SiO2/Si (1 0 0) substrates using chemical
solution deposition. The precursor solution was a
0.25-M sol made by dissolving bismuth nitrate,
neodymium nitrate and Ti-diisopropoxide) bis(2,4-
pentanedionate) in 2-methoxyethanol at room
temperature in the proportions Bi:Nd:-
Ti=3.5:0.5:3. A 10-mol% excess of bismuth
nitrate was also added to compensate for possible
bismuth loss during the high-temperature process.
Spin-coating was performed at 2500 rpm for 25 s,
and subsequently was baked at 325C for another
5min. Crystallization of coated ﬁlms was then
performed at 680C with rapid thermal annealing
at a ramping rate of 60C/s. The crystal and
surface structure of BNdT ﬁlms were examined
using X-ray diffractometer (XRD) and scanning
electron microscopy (SEM). When crystallized, the
thickness of each coated layer was estimated to be
about 20 nm using the cross-section SEM micro-
graph. Ferroelectric characterizations were per-
formed on BNdT capacitors of 4 104 cm2,
deﬁned by the top Au electrode, using an RT66A
ferroelectric tester.3. Results and discussion
Fig. 1 shows XRD spectra and polarization
hysteresis loops for three BNdT ﬁlms derived with
12 coatings, corresponding to a total thickness of
220 nm, in different crystallization schemes. One
ﬁlm was crystallized for every coating (layer-by-
layer crystallization), another was crystallized for
every two coatings (two-layer crystallization), and
the last was crystallized after 12 coatings (12-layer
crystallization). Despite differing number of crys-
tallization steps, the time of each crystallization
was adjusted to ensure that all ﬁlms received the
same total crystallization time of 1 h.
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Fig. 1. (a) XRD spectra, and (b) polarization hysteresis loops
for BNdT ﬁlms derived with layer-by-layer, two-layer, and 12-
layer crystallization.
Y.-C. Chen et al. / Journal of Crystal Growth 268 (2004) 210–214212According to the XRD spectra in Fig. 1(a), the
dominant ﬁlm diffractions vary with the crystal-
lization scheme applied. The ﬁlms with 12-layer
crystallization are dominated by (00 l) and (1 1 7)
diffractions, while the predominant diffractions
are (1 1 7) and (2 0 0) for the ﬁlms crystallized with
layer-by-layer and two-layer schemes. Addition-
ally, the peak intensity of (2 0 0) and (1 1 7)
diffraction also differs for the latter two ﬁlms,
with the one prepared by layer-by-layer crystal-
lization being predominated by (2 0 0) diffraction
while the opposite applies for the other with two-
layer crystallization. Since the main difference
among these ﬁlms is the layer thickness subjected
to crystallization, the results clearly suggest that
the crystallization behavior of BNdT ﬁlms isthickness-dependent, similar to the observation
for SrBi2Ta2O9 ﬁlms [10].
From the hysteresis loops shown in Fig. 1(b),
the ﬁlm polarization also varies with the crystal-
lization scheme applied. Combined with the XRD
results, the correlation between the ﬁlm polariza-
tion and the orientation of composing grains is
quite clear. The remnant polarization (2Pr) is just
10 mC/cm2 when the ﬁlm is composed predomi-
nantly of c-axis- and (1 1 7)-oriented crystals,
increases to around 24 mC/cm2 when the ﬁlm is
populated with (1 1 7)- and a-axis-oriented crys-
tals, and ﬁnally reaches 38 mC/cm2 when the
weight of the a-axis-oriented crystals in the ﬁlm
is further increased. Note that the 12-layer crystal-
lization scheme is just the conventional process of
chemical solution deposition, namely that the
crystallization is performed as the ﬁnal step after
all coatings. It is therefore clear that layer-by-layer
crystallization is superior to the conventional
process for fabricating high-polarization BNdT
ﬁlms.
Other Bi4xLnxTi3O12 ﬁlms have also been
fabricated using layer-by-layer crystallization,
and all showed various degrees of enhancement.
Apparently, thickness dependence of crystalliza-
tion behavior is common for the layer-structured
ferroelectrics, and mechanism responsible for the
process is thus interesting to know. Figs. 2 and 3
illustrate the structural evolution of the ﬁlms
prepared by the layer-by-layer crystallization.
Fig. 2 shows the SEM photographs taken from
the ﬁlms with 3, 6, 9, and 12 coatings, while Fig. 3
illustrates the corresponding XRD spectra of the
same samples. As shown in Fig. 2, grains are
initially very small (o100 nm) in the ﬁlm with just
three coatings, and grow in size and gradually
become rectangular in shape as the number of
coatings increase. Meanwhile, the weight of
different oriented grains also varies with the
number of coatings as illustrated in Fig. 3. For
the ﬁlm with just three coatings, the dominant
diffractions are (1 1 7) and (2 0 0), in which the
former displays higher intensity. The peak inten-
sity of both (1 1 7) and (2 0 0) diffraction also
increases with an increasing number of coatings,
but the latter apparently grows more quickly.
Consequently, the intensity of (2 0 0) diffraction
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Fig. 2. SEM photographs of BNdT ﬁlms with 3, 6, 9, and 12 coatings prepared by layer-by-layer crystallization.
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Fig. 3. XRD results of the same BNdT ﬁlms shown in the
previous ﬁgure.
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12 coatings.
The above structural evolution can be explained
using the orientation-dependent nucleation and
grain-growth of BNdT crystals. When the ﬁrst
layer of the ﬁlm is coated and crystallized,
heterogeneous nucleation prevails on the surfaceof Pt electrode and results in a ﬁlm with small
grains. At this stage, although the nucleation of
both the (1 1 7)- and a-axis-oriented crystals
occurs, the former may be favored more by the
similar atomic arrangement on the face of (TiO6)
octahedron in the perovskite unit and the Pt (1 1 1)
surface. In contrast, subsequent coatings made on
the existing ﬁlm are crystallized mainly with the
mechanism of grain growth, which utilizes the
underlying layer as the seeding templates. Conse-
quently, grain size grows and diffraction from the
other orientation remains invisible as the number
of coatings increases. Notably, the grain growth is
orientation dependent such that the grains tend to
become rectangular shaped with an increasing
number of coatings. The orientation-dependent
growth is common for layer-structured materials
such as YBa2Cu3O7x, SrBi2Ta2O9, and Bi4xLnx-
Ti3O12, wherein crystal growth along the a- and b-
axis is faster than that along the c-axis [12,13]. The
slow growth along the c-axis may be related to the
composition variation associated with the layer
stacking along that direction, the establishment of
which involves massive diffusion.
ARTICLE IN PRESS
c 
b 
c 
(117)-oriented 
a-axis-oriented 
a 
a
b
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crystals lying in the ﬁlm.
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lization behavior can also be explained with the
orientation-dependent grain growth. Fig. 4 sche-
matically shows the (1 1 7)- and a-axis-oriented
crystal lying in the ﬁlm. In the ﬁgure, the fast
growth front for (1 1 7)-oriented crystal is, along
the a- and b-axis, slanting toward the ﬁlm surface;
consequently, the growth in these directions is
limited by the ﬁlm’s thickness. In contrast, a fast
growth front of a-axis-oriented crystal is always
present in the ﬁlm plane such that its growth is not
limited by the ﬁlm thickness. Owing to these
effects, a-axis-oriented crystals can outgrow
(1 1 7)-oriented crystals given reduced layer thick-
ness and increased number of coatings. Notably, c-
axis-oriented crystals, if they exist, shall grow
faster than others since both fast growth fronts of
c-axis-oriented crystals are lying in the ﬁlm plane.
From the result shown in Fig. 3, c-axis-oriented
crystals apparently are not favored with the
heterogeneous nucleation on the Pt electrode, but
still can be created with the homogeneous nuclea-
tion in the ﬁlm bulk. The fact that the number of
nuclei possibly formed with the homogeneous
nucleation is proportional to the ﬁlm thickness
explains the result shown in Fig. 1(a), namely that
substantial (0 0 l) diffractions were observed only
in the ﬁlm with 12-layer crystallization but not in
the other ﬁlms.4. Conclusions
Layer-by-layer crystallization has been demon-
strated to be effective for BNdT ﬁlms to crystallize
predominantly with the a-axis-oriented crystals.The enhancement is a result of several facts.
Firstly, the nucleation is limited to the ﬁrst couple
of layers coated on the Pt electrode and predomi-
nantly with (1 1 7)- and a-axis-oriented crystals.
Secondly, the crystallization in the subsequently
coated layers is dominated by the grain growth of
these crystals initially formed. Thirdly, the growth
of (1 1 7)-oriented crystals is bounded by the layer
thickness due to their fast growth fronts, in the
direction of a- and b-axis, is slanting toward the
surface. In contrast, the growth of a-axis-oriented
crystals is unconstrained as their fast growth front
along the b-axis is in the ﬁlm plane. Owing to these
effects, a-axis-oriented crystals can outgrow
(1 1 7)-oriented crystals given reduced layer thick-
ness and increased number of coatings.
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